Abstract: Gene Ontology facilitates biomedical knowledge representation and efficient information management. The systematic representation and hierarchical structure of Gene Ontology bring forth great potential to examine data and information across the broad spectrum of biology. This article briefly discusses GO annotation and three interesting areas in Gene Ontology-facilitated genome analysis.
evolutional sequence and functional conservation of genes and gene products across all species, provides a 'tool for the unification of biology' [1] .
Three ontologies, 'biological process', 'molecular function', and 'cellular component' are constructed by GO Consortium to describe physiological roles, functions, and spatial concepts of gene products, respectively. Extensive and authoritative reviews on GO are available [1] [2] [3] [4] and so is an excellent website (www.geneontology.org). Readers are urged to consult them. GO displays a unique graph structure, a directed acyclic graph [18] , in which each non-root term has one or more parental terms, and zero, one or more children terms [1] . GO has been extended to and integrated with other vocabularies computationally to address the complexity of biology [19] , and a method for the migration of GO to a more formal, description logic environment has been proposed [20] . Many research groups have developed software utilities for GO, such as GO databases, DAG-EDIT, and GO browsers, the majority of which are available from the GO website [3, 4] .
GO Annotation
The utility of GO depends not only on the construction of GO, but also on the association of GO with specific gene products (GO annotation) [1] [2] [3] [4] . Model organism databases [for example, [5] [6] [7] [8] and others provide GO annotations based on computational translations, and/or manual curation [2] [3] [4] . About a dozen 'evidence codes', specified by GO Consortium, are used to indicate how and based on what evidence the GO annotations for specific gene products are made [2, 3] . The evidence code 'IEA', 'inferred from electronic annotation', indicates that computational approaches are used, and no curators have examined the annotations manually. GO annotations with 'IEA' codes are considered to be one of the less reliable [4] . As of April 2003, in the GO website, there are 255,585 non-IEA gene associations for 73,154 unique gene products for 718 species, contributed from 15 databases. Among the quarter million associations, 81,388 have the evidence code of 'ISS', indicting the that annotation is inferred from sequence similarity; and 102,478 gene associations are from GO Annotation Project (GOA), one of the more comprehensive GO annotation efforts [21] .
The GOA project by the SWISS-PROT group in European Bioinformatics Institute combines both electronic assignment and manual curation, and has 2,740,673 gene associations for 571,557 proteins as of April 2003. The electronic assignment in the GOA project is focused on the translation mappings between SWISS-PROT keywords [22] and GO terms constructed by Dr. Evelyn Camon; between Enzyme Commission numbers [23] and GO terms by Dr. Michael Ashburner; and between InterPro domains [24] and GO terms by Dr. Nicola Mulder. InterPro is a congregated database of protein families, domains, and signatures, including PROSITE, PRINTS, Pfam, ProDom, SMART, and TIGRFAM [24] . These and other translation mappings are crucial in almost all annotation efforts, and these mapping files are available from the GO Consortium website. In addition, the Panther HMM families and subfamilies have been mapped to GO, and are used to annotate proteins [17] .
We also used these translation mappings in a computational GO annotation platform, GO Engine, and provided to the public the earliest comprehensive annotations [25] . In addition, GO Engine analyzed textual information linked to specific gene records, and employed cell localization modeling, which are based on features derived from protein sequences. In GO Engine, proteins are progressively clustered and annotated through their homologies to each other [25] , based on the well-defined sequence-function co-conservation [1] . In the end, more than 95 percent of proteins with complete coding sequences in GenBank and SWISS-PROT databases were annotated with one or more GO terms from each of three GO ontologies. These annotations are released to the public through the GO website. The latest version of data release includes 3,116,675 associations for 641,179 unique proteins.
Several studies have explored other methods for GO annotation and hold significant potentials. Besides the direct translation mappings between InterPro domains and GO terms [21] , probabilistic mappings between ProDom and CDD protein domains and GO terms have been investigated through a training process [26] . Information about a specific gene product is embedded, usually in free text form, in publications and WebPages. A simple probabilistic method was used to analyze the textual information to aid the sequence-centered computational GO annotation [25] . Three statistical natural language processing techniques, maximum entropy, naïve Bayes classification, and nearest neighbor classification, were assessed for their predictive capability in GO annotation [27] . GO annotations can also be assisted from the analysis of high throughput data, such as microarray data. For instance, temporal expression pattern of hundreds of genes during serum response was examined using rough set theory: a rule-based supervised learning methodology, to aid the annotation of 'biological process' ontology [28] . Other than sequence similarity to an annotated protein or to a protein family domain/profile [21, 25, 26] , features derived from protein sequences, such as predicted post-translational modifications, also have been used in GO prediction through neural networks [29] . In addition, novel GO annotations can be inferred from existing ones for the same gene product [30] .
One key issue in GO annotation is the accuracy. GO annotations solely based on sequence similarity or phylogenetic families are problematic [3] . Among the computational approaches, translation mappings appear to offer annotations with high fidelity, although the possession of an InterPro domain may not confer the corresponding molecular function [21] . Thus the translation mappings occasionally yield incorrect GO annotation as well. In addition, GO structures and terms are being constantly revised and updated, thus the annotations may become obsolete, and need to be updated. Another key issue in GO annotation is the completeness, that is, all known attributes about a gene product are ascribed by GO terms [1] . All computational means devised so far, including the translation mappings, are not designed for this purpose. An additional challenge is the GO annotation of the non-protein coding genes, which have been found to exist in large numbers in genomes [31] , and their physiological roles are emerging [32] .
Nonetheless, computational means are essential for annotating a large number of gene products systematically. Such systematic annotations are necessary for the analysis of large-scale data, such as those from microarray experiments, through GO and GO annotation [33, 34] . Hundreds of thousands of species are represented in the GenBank database, and each of them contains tens to thousands of genes, and for higher organisms, each gene may have different functional transcripts due to alternative splicing, alternate transcription initiation, alternate poly-A adenylation, and RNA editing. Moreover, many proteins have up to tens of post-translational modifications. In addition, knowledge on specific genes and gene products is evolving [1] . Thus the distinct gene products that require annotation are likely beyond any manual attempts, and sophisticated computational algorithms, which integrate various GO annotation methodologies, including those based on sequences [21, 25, 26] , on textual information [25, 27] , on microarray data [28] , on features derived from protein sequences [29] , on the inherent correlations of GO annotations [30] , and others, may help annotate the gene products and update existing annotations with high accuracy and efficiency.
GO-FACILITATED GENOME ANALYSIS
GO have been used widely to annotate and classify genes, especially in those studies involving large-scale genome sequencing [9] [10] [11] [12] [13] [14] [15] . Besides serving as a classification system for genes and gene products, GO and GO annotations present a unique opportunity to systematically analyze genomic phenomena and 'turn data into knowledge' [1] , and reach 'principle-driven' biology [35] . Such analyses appear to be at an early stage, and are constrained by the lack of complete and accurate annotation for a large number of genes. Three areas are discussed here. GO annotations used in these examples and in the published works [25, 33] are incomplete for several reasons: first, many genes cannot be annotated with any GO terms because nothing is known about them except their gene sequences; secondly, for perhaps half of human genes there is no information of any sort (not even the correct complete gene sequences); and thirdly many publications related to some known genes have not been reviewed by GO curators. Nevertheless, the following preliminary studies by others and us exemplify the potential of GO-facilitated genome analysis, and each of them has led to promising conclusions.
Chromosomal Gene Clusters and Their Identification
The expression of specific genes is controlled by local chromosomal signals, such as promoters, repressors, and enhancers. In addition, the high order structures of chromatin are thought to be important in regulating the accessibility of the binding sites for transcription factors and the transcription machinery [36] . While the interrelationship between gene transcription and local chromosomal features tend to be examined on a gene-by-gene basis, GO annotation appears to bring a new prospect, that is, the possibility to investigate such interrelationship across multiple genes throughout the hierarchical structure of GO, and probably identify novel chromosomal features.
GO annotation was used to tabulate the distribution of the then-known human genes annotated with a specific GO term across different chromosomes [25] . Such distribution was then compared to the expected distribution in order to identify those GO terms that describe genes which are concentrated in one or a few chromosomes, and the result indicates that proteins annotated with specific GO terms or their children GO terms are distributed unevenly among chromosomes [25] , similarly as shown earlier [14] . Genes with similar functions or other features are sometimes clustered in a genomic region. A significant number of such clusters have been identified, for example, in mouse genome [15 , table 15 for mouse-specific gene clusters]. Gene clusters refer to not only those with similar functions and with extensive sequence homology, which are thought to arise evolutionarily through local genome duplication, and but also those sharing other biological features, such as being membrane proteins, or in the same metabolic pathway. Algorithms for identifying them have been developed, either according to individual attributes, for example, membrane proteins [37] , or more comprehensively, according to subgraph isomorphism/similarity between gene orders in a genome and a pathway graph [38, 39] . GO annotation allows the rapid identification of such gene clusters [25] among the disorganized and shuffled genomes [40] . By employing ontology, clusters with any terms of GO can be easily identified and investigated [25] . The GO terms can be 'moved up' or 'down' in the paths of GO (directed acyclic graphs), and thus provide a dynamic and fluid definition of the clusters. Gene clusters are identified throughout the GO hichriachy in all three GO ontologies, 'cellular component', 'biological process', and 'molecular function'. For each cluster, the GO term, GO id, the chromosome number (Chr), and the boundaries are listed. Please note that 'transporter', 'electron transporter', and 'channel/pore class transporter' have parent-child relationships. They are used to identify respective gene clusters, indicating the dynamic and fluid nature of such identification.
'immune response' were found more likely to be in clusters [29] .
Despite the likely inaccuracy and incompleteness in gene designation and GO annotation, the identification of such clusters is meaningful, since genes located in a particular chromosomal region can be regulated in a concerted fashion. Such concerted regulation is known to occur in gene clusters without each member of clusters having the cognate transcriptional factor binding sites. For example, the zincfinger gene-specific repressor element RE-1 silencing transcription factor/neuronal restricted silencing factor (REST/NRSF) imposes silencing across a chromosomal interval, including transcriptional units that do not themselves contain REST/NRSF response elements, through an associated co-repressor, CoREST [42] . Such a concerted regulation across a chromosome segment is regulatorily (but not mechanistically, since no poly-cistronic mRNAs are present) similar to the well-known operons in microbes and nematodes [43, 44] . When GO annotations become more accurate and complete, a systematic ontological analysis over chromosome segments may help identify the candidate 'operons'.
Correlation (or Non-Correlation) Among Cohorts of
Genes -Sense/Anti-Sense Genes GO and GO annotation provide a promising tool for comparing two cohorts of genes or gene products in order to investigate how these two groups of genes are related to each other throughout the spectrum of biology. Such analyses are incomprehensible without the structural representation of GO. The following paragraph discusses such investigation with regard to the sense/antisense genes in human genome. Similar methods can be applied to analyze, for example, genes with alternative splicing vs. those without alternative splicing, or genes highly expressed in cancer cells vs. those not expressed in cancer cells, or genes expressed in one tissue type vs. those expressed in another tissue type. Commonly available softwares, such as GO:TermFinder [6] , or adaptation from other GO-related utilities [33, 34] can be used for such analysis.
A large number of the sense/anti-sense genes have been identified [45] . A sense /anti-sense pair of genes are two transcription units from the opposing strands in the same genomic region. Sense transcripts and their anti-sense counterparts have overlapping regions, and can form doublestrand RNA segments in vivo. We conducted GO-based studies to address (1) whether the genes in sense/anti-sense pairing are different from other genes, (2) whether the two members of the sense/anti-sense pair are related. A majority of known human genes, including those in the sense/antisense pairs [45] , were annotated with GO using GO Engine [25] . In each GO term with sufficient sampling, the number of genes annotated with that of GO term or its child GO terms in the sense/antisense pair is compared to the number of the total genes annotated with that GO term or its children GO terms. Statistical analysis, based on a hypergeometric distribution, indicates that very few GO terms display significant difference, suggesting that the genes in sense/antisense pairing are not globally different from the general gene population.
In order to investigate whether the two members of sense/anti-sense pairs are correlated, all occurrences of one GO term in one member of sense/anti-sense pair vs. another GO term in the other member of sense/anti-sense pair are tabulated, and compared to what would be expected from random pairing of all genes. Chi-square analysis of the comparison results indicate that, for most of GO term pairings, the occurrences of GO term pairings from sense/antisense pairs are not significantly different from that of random gene pairing, indicating that the members of sense/anti-sense pairs are likely un-correlated. Such results are quite surprising, since sense/anti-sense gene pairs are likely to be constrained evolutionarily to maintain the tight spatial coupling, which is indicative of functional correlation between members of a pair. Alternative methodology, for example, calculating the average semantic distance between sense/anti-sense pairs and comparing the distance to that of all genes based on information content analysis [46] , or more complete GO annotations of genes, or more complete identification of sense/anti-sense genes as well as more complete identification of genes in general, may help unravel the subtle correlation between members of sense/anti-sense pairs.
GO-Facilitated Microarray Data Analysis
Microarray studies based on either cDNA or oligonucleotide probes measure the expression levels of tens of thousands of genes and generate tremendous amount of data [47] . GO annotations enable microarray researchers to address questions like this, 'do genes performing certain molecular functions, involved in certain physiological process, located in certain cellular components (that is, genes annotated with certain GO or its child GO in the three GO ontologies) display significant changes under certain treatment?' [1, 2, 4, 33, 34] . GO annotation has also been used to group genes that are most or least variable in terms of expression levels among individuals [48] . GO annotation and microarray analysis form a two-way street. GO annotation helps microarray analysis; while microarray analysis of co-regulated genes holds potential for accurate GO annotation [28] .
GO annotations were applied to a publicly available benchmark microarray dataset for mouse cardiac development, maturation and aging [33] . For each GO term, the number of genes that displayed significant changes in their expression levels was compared to the expected number, based on a hypergeometric distribution. The result showed that genes involved in 'mitotic cell cycle', 'mRNA splicing', and 'protein biosynthesis' are up-regulated and the genes involved in energy metabolism, including 'fatty acid metabolism' and 'main pathways of carbohydrate metabolism', are down-regulated in embryonic mouse heart [33] . Such analyses revealed the global picture among groups of genes, and present a more coherent biological understanding of those changes [1] . Incorporation of quantitative expression level changes into GO-based statistical analyses, and the concurrent consideration of genes based on all three GO Ontologies (rather than three ontologies separately) might help identify even subtler changes in microarray datasets.
CONCLUSION
Ontology and ontology annotations are promising for the systematic examination of the massive amount of data, and for the re-organization of pertinent knowledge [1] [2] [3] [4] . Besides the three areas discussed, GO annotation has been used to facilitate the analysis of large-scale protein-protein interaction data [49] , and to prioritize candidate genes for inherited diseases based on literature information [50] . Another area of GO-facilitated analysis could be in comparative genome analysis. Different genomes can be compared systematically throughout the hierarchical structure of GO and other biological ontologies (many of them are in OBO, 'open biological ontologies' [3] ), that is, the whole spectrum of biology, and these comparisons may yield interesting insights. Such analysis encompasses the descriptive aspects of traditional phylogenetic analysis, complements the comparative analysis of genomic sequences, and may facilitate the construction of the 'tree of life'. Various biological ontologies, as a unique form of symbolic representations [16] , bridge knowledge in a specific domain and the associated physical parameters, and perhaps bring us a step closer towards the quantitative and mathematic formulation of biological objects and phenomena [1] [2] [3] [4] .
